SUMMARY To assess the relationship between sympathetic nerve function and sodium intake, we examined norepinephrine (NE) turnover in several cardiovascular tissues and the brain stem of rabbits maintained for 3 weeks on high (86 mEq), normal (14 mEq), and low (0.2 mEq/day) sodium diet. None of the diets changed the blood pressure significantly. Plasma renin activity became high in the low sodium group and low in the high sodium group at the end of the treatment. NE turnover was measured from the rate of decline of tissue NE concentration after administration of a-methyl-p-tyrosine. Variation of sodium intake exerted opposite effects on NE turnover in the periphery and in the central nervous system; increasing sodium intake caused an increase in NE turnover in the thoracic aorta, mesenteric vein, and left ventricle, and a decrease in the hypothalamus, midbrain, and pons medulla. But in the mesenteric artery and abdominal aorta it was not affected by dietary sodium manipulation. The results show the varying influence of sodium balance on the central and peripheral noradrenergic neuron activity. There are mutual interactions between these two factors; sodium excretion is modified by the activity of sympathetic nerves, 1 -* and sympathetic nerve activity is modified by sodium balance. A number of studies have demonstrated that plasma levels and urinary excretions of norepinephrine (NE) are altered by sodium loading or deprivation both in human subjects'" 10 and in experimental animals. 11 " 18 Turnover of tissue NE is also affected by concomitant administration of sodium and deoxycorticosterone (DOC), in the heart and other peripheral organs 18 " 1 * or in the brain stem 11 ' w of the rat.
S
ODIUM intake and the sympathetic nerves are major factors implicated in hypertension. There are mutual interactions between these two factors; sodium excretion is modified by the activity of sympathetic nerves, 1 -* and sympathetic nerve activity is modified by sodium balance. A number of studies have demonstrated that plasma levels and urinary excretions of norepinephrine (NE) are altered by sodium loading or deprivation both in human subjects'" 10 and in experimental animals. 11 " 18 Turnover of tissue NE is also affected by concomitant administration of sodium and deoxycorticosterone (DOC), in the heart and other peripheral organs 18 " 1 * or in the brain stem 11 ' w of the rat.
In the present study we investigated the effect of high and low sodium intake on NE turnover in several cardiovascular tissues and the brain stem of the rabbit in an attempt to delineate further the relation of activity of sympathetic nerve and central noradrenergic neuron to sodium balance.
Methods
Male New Zealand white rabbits weighing 2.0 to 2.5 kg were divided into three groups: a high sodium (HS) group (n = 15); a normal sodium (NS) group (n = 16); and a low sodium (LS) group (n = 15). Rabbits in the three groups were fed for 3 weeks on 200 g of special diet made of soybeans containing 86 (HS group), 14 (NS group), and 0.2 (LS group) mEq sodium chloride per 200 g. Since potassium has been shown to influence NE turnover, 20 potassium chloride was supplemented in the diet to give a final content of 21 mEq/200g. The values of sodium for the NS group and potassium in the diet were chosen to equal the electrolyte contents in the standard diet for rabbits in our laboratory (Japan Clea, CRI) which provides 14 mEq sodium and 21 mEq potassium each day. Tap water was given ad libitum. Body weight and blood pressure were recorded every week, the latter being measured by an indirect method 21 in the central ear artery, which was dilated by an application of a small amount of xylol to the tip of the ear.
During the last 7 days of dietary treatment, each rabbit was housed in a metabolic cage and daily urine volume was measured. A portion of the urine was stored at 4°C for determination of sodium and potassium concentration. The next morning after comple-EFFECT OF SODIUM ON NOREPINEPHRINE TURNOVER/ranaA:a et al 295 tion of the metabolic study, blood was drawn from the caudal ear vein for determination of serum sodium and potassium concentration, and plasma renin activity (PRA). Urinary and serum electrolytes were measured by flame photometry. PRA was determined by radioimmunoassay using the method of Haber et al." with slight modification.
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After 3 weeks of treatment with high, normal, or low sodium diet, NE turnover was examined in the thoracic and abdominal aorta, mesenteric artery and vein, left ventricle, hypothalamus, midbrain and pons medulla, as previously described. 24 -" The rate constant of NE turnover was estimated from the decline in tissue NE concentration after the administration of tyrosine hydroxylase inhibitor, a-methyl-p-tyrosine methyl ester hydrochloride (a-MT, Aldrich). Alpha-MT was injected intraperitoneally at a dose of 240 mg/kg followed by a second dose of 120 mg/kg 3 hours later. Animals were killed by rapid excision of the heart under pentobarbital anesthesia (30 mg/kg) before or 6 hours after the first injection of a-MT. For the thoracic aorta, we used the portion of the aorta between the origin of the brachiocephalic artery and the diaphragm; for the abdominal aorta, the portion between the diaphragm and the bifurcation to the common iliac artery; for the mesenteric artery, the third to fifth branches; and for the mesenteric vein, the second to third branches. The interventricular septum was included in the left ventricle. Brain regions were dissected as previously described." Tissue NE was purified by the method of Anton and Sayre" and determined spectrofiuorimetrically." Recovery of NE averaged 81.3%, and the data were corrected for the recovery. Values for the whole aorta were calculated from the total contents of NE and weights of the thoracic and abdominal aorta. Statistical examination were made by Student / test and analysis of covariance." Table 1 summarizes the body weight, blood pressure, hematocrit, and serum sodium and potassium concentration of the three groups of rabbits maintained on different sodium intake. There was no significant change in body weight and blood pressure during the treatment with high, normal, or low sodium diet. The hematocrit and serum sodium concentration were not different among the three groups at the end of treatments. Serum potassium concentration was slightly higher in the LS group than in the NS and HS groups.
Results
Daily urinary sodium and potassium excretion and PRA are depicted in figure 1. The average values for the 7-day period in the metabolic cage on any of the diets were taken to represent the daily electrolyte excretion for each rabbit. Sodium output was significantly different among the groups whereas the potassium output was the same; PRA was higher in the LS group and lower in the HS group than in the NS group. Figure 2 shows the decline in tissue NE concentration after blockade of NE synthesis with a-MT. The rate constant of NE turnover and the levels of significance tested by analysis of covariance are summarized in table 2. In general, treatment with different sodium diets had opposite influences on NE turnover in the cardiovascular tissues and central nervous system, namely, increasing sodium intake caused elevation of NE turnover in the thoracic and whole aorta, mesenteric vein, and left ventricle, and caused reduction of NE turnover in the hypothalamus, midbrain, and pons medulla. NE turnover in the abdominal aorta and mesenteric artery was not affected by variation of sodium intake.
No difference in NE concentration was noted in the brain stem among the three groups (table 3). In the 
FIGURE 2. Declines in tissues norepmephrine concentration after the blockade of synthesis with a-methyl-p-tyrostne methyl ester in rabbits fed on high ( • • ) , normal (o o), or low sodium diet (k t). Each point represents the mean ± SEM based on seven to eight experiments
periphery, sodium restriction reduced NE concentration in the thoracic aorta, mesenteric artery, and left ventricle. Sodium loading produced a slight increase in NE concentration in the thoracic aorta.
Discussion
Previous studies have shown that sodium loading as well as restriction lowers the NE concentration in cardiovascular tissues." 1 *° NE turnover in tissues, which is a better index of NE neuron activity, has also been shown to be affected by alteration in sodium balance. In DOC-sodium hypertension of the rat, NE turnover is increased in the heart, spleen, and intestine, 1 "" 18 while it is decreased in the brain stem,"-19 although a direct pharmacological action of DOC itself superimposed on the effect of sodium cannot be excluded in this situation. Sodium depletion by restriction of intake plus administration of diuretics reduces NE turnover in the heart. 11 In our present study, the rate of NE turnover was compared in three groups of rabbits fed on high, normal, or low sodium diet alone without using sodiumretaining steroids or diuretic agents. Results reveal that alterations in sodium intake exerted opposite effects on NE turnover in the cardiovascular tissues and brain stem; in the thoracic aorta, mesenteric vein, and left ventricle the rate of NE turnover was elevated by increasing sodium intake while in the hypothalamus, midbrain, and pons medulla, it was reduced. No significant change in NE turnover was observed in the abdominal aorta and mesenteric artery. These results indicate that sodium loading and deprivation have variable influences on NE neuron activity in the cardiovascular system and brain stem.
Are the changes in NE turnover in the cardiovascular tissues and brain stem independent phenomena? Or is the change in the periphery secondary to that in the central nervous system? To these questions, Nakamura et al.,
18 using a ganglion blocking agent, and van Ameringen et al., 1 * using cervical transection, have shown that NE turnover in the periphery returns to normal after interruption of the neural connection to the central nervous system, while NE turnover in the central nervous system remains decreased in DOC-sodium hypertensive rats. From these find--ings they have suggested that the primary dysfunction is a decrease in activity of the sympathoinhibitory noradrenergic neurons in the brain stem, which is reflected in a decrease in NE turnover, and that this leads to enhancement of the peripheral sympathetic neuron activity. This explanation may apply to our results also, since the effects of sodium on NE turnover in the brain stem and in the periphery for the HS group in our study was in the same direction as that observed in DOC-sodium hypertension.
The process whereby alteration in NE turnover is produced in the central nervous system is unclear. Alteration in extracellular sodium or potassium concentration has been shown to affect NE release from sympathetic neurons, 82 ' 8S but serum sodium and potassium concentrations were not grossly changed in this study. In speculation, one of several factors might mediate the change in sodium balance and NE turnover. It might be a derangement of intracellular electrolyte concentrations, or a change in the renin-angiotensin system which modulates the NE secretion through presynaptic receptors, 84 or a mechanism involving angiotensin II, orj-noradrenergic, or opiate receptors, which are known to be modified by the sodium ion.
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" 88 Further studies of this problem are needed.
Neither high, normal, nor low sodium diet affected blood pressure significantly. In this respect, it should be mentioned that alteration in NE turnover was observed only in the aorta, mesenteric vein, and left ventricle, and not in the mesenteric artery. The lack of change in blood pressure may be attributed, in part, to the fact that the changes in sympathetic tone were restricted to the capacitance vessels and heart whereas the activity of the sympathetic neurons in arteries contributing to vascular resistance remained unchanged. Accordingly, when one investigates a relationship between NE kinetics and blood pressure control, it is important to examine the peripheral arteries as well as the heart. T Tanaka, A Seki and J Fujii tissues and brain stem of the rabbit.
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